Production of hydrocarbons from heavy oil reservoirs often requires large investments both in capital and in operation and despite the best efforts portions of the reservoir may be bypassed or injected fluids may be lost.
Introduction
The continual increase in demand for hydrocarbon energy sources coupled with the depletion of conventional light oil reservoirs around the world has placed a great deal of attention on production from bituminous and heavy oils. The high viscosity of these fluids, however, complicates their production using normal techniques. A variety of methods are employed to lower the viscosity such that the oils will flow with the more popular ones requiring the injection of heat (via steam or hot water) or solvents (such as light hydrocarbons or carbon dioxide).
The capital and operational expenses associated with such enhanced oil recovery technologies are substantial; and it is important that as much information about the production process be collected as possible. To first order, having knowledge of which sections of the reservoir are accessed and which have been inadvertently bypassed is crucial to the overall success of a production strategy. Tracking the loss of injected fluids from the reservoir is critical not only to the overall direct operational costs but could be significant to longer term environmental liabilities should leaked fluids contaminate surrounding formations. Secondarily, having timely detailed temporal and spatial constraints on in situ conditions (e.g. pore fluid pressure, saturation, and temperature) within the reservoir could assist ongoing adaptation of the production process.
There have been substantial developments in the use of time-lapse (or 4-D) seismic techniques to assist in monitoring such reservoirs over the last decade particularly in the context of heavy oil production (e.g. Eastwood, 1993; Eastwood et al., 1994; Kalantzis et al., 1993; Li et al., 2001; Lumley, 1995; Macrides et al., 1988; Paulsson et al., 1994; Pullin et al., 1987; Schmitt, 1999; Siewert, 1994 , Lines, 2002 ; most of this work is published within the geophysical literature. Here, the basic concepts of time-lapse geophysical surveying in the context of heavy oil production is reviewed beginning with some elementary principles of reflection seismology. The production from heavy oil reservoirs results in large changes with time of temperature, stress, pore pressure, and fluid content. These variations influence, sometimes quite strongly, the elastic compressibilities and densities of the subsurface formation that in turn cause the overall seismic responses to change. These rock physics factors are considered in some detail. While existing theories have been employed to model the seismic properties of heavy oil reservoirs, there still remains a great deal to accomplish in the understanding of this complex material.
Background Information
Time-lapse seismology is predicated on observing changes in the seismic behaviour with time, these changes are produced by variations in the physical properties of the rocks at depth. This background section begins with some tutorial information on reflection seismology in order to place the context for the rock physics principles employed to understand a heavy oil reservoir.
Time-lapse Seismolgy
Different rock types are characterized by variations in their elastic properties and densities which can further be related to the seismic compressional V P and shear V S wave velocities according to: where K and µ are respectively the bulk and shear moduli of the overall composite rock. Ignoring for the moment any temporal variations, in the simplest case of a layered sedimentary geology each layer will be characterized by a certain seismic velocity and density; and there is a contrast in these properties at the interface between two layers. When an elastic wave reaches such an interface the energy is partitioned with, usually, a small amount reflected (echoed) back towards the surface with the remainder continuting to propagate into the earth. For the simplest case of a reflection of a vertically propagating wave colliding with a horizontal geological interface, the strength of the reflected wave in terms of its amplitude is:
where R is called the 'reflection co-efficient' and the subscripts 1 and 2 denote the physical properties of the upper and the lower layers across the interface, respectively. Examination of Eqn. (2) shows that the magnitude of R increases with the simple difference ρ 2 V P2 -ρ 1 V P1 and that -1 ≤ R ≤ 1 depending on the constrast in the properties between the layers. This change in sign defines the polarity of a reflection in the seismic trace.
In the simple layered 1-D world, the seismic trace s(t) essentially consists of the convolution of a wavelet w(t) (i.e. the time plot of the behaviour of the particle motions or particle velocities input to the earth by the seismic source) with the reflectivity r(t) (i.e. the time plot of the reflection coefficients with depth into the earth with each reflection coefficient appearing as a simple spike with amplitude R at the time the reflection reaches back to the surface) as illustrated in Fig. 1 . Ensembles of such seismograms obtained over an area or along a profile are used to create the seismic images for interpretation. Note that the cartoon of Fig. 1 is given in terms of two-way traveltime instead of depth. A number of the extrinsic conditions such as pressure and temperature change with time within a producing reservoir. These will influence the rock properties, as will shortly be seen. Consider the case of the illustration of the three layers of Fig. 1 with the middle layer 2 being the reservoir. Again for purposes of illustration, assume that for a variety of reasons, replacement of gas with water during injection for example, that both ρ 2 and the seismic V P2 increase with time while the velocities and densities of layers 1 and 3 are static. This will result in variations in the absolute values of both of the reflection co-efficients from R 12 → R 12 ' and R 23 → R 23 ' as shown in Fig. 2 . Mapping of such amplitude and travel-time changes form the basis for the field observational aspects of time-lapse seismology. Although it is beyond the scope here, these data can either be interpreted by forward modeling of the expected seismic response or by inversion to obtain measures of the changes in the elastic impedance Z = ρV P . The cartoon of Fig. 2 can hold for thick reservoirs. In the thin reservoirs typical in the Western Canada Sedimentary Basin the responses are more complex as the two reflections will 'tune' together and there will often be little differential time shift. In this case, monitoring requires analysis of more subtle changes in the overall seismic amplitude supported by modeling (e.g., Zhang and Schmitt, 2004a,b) .
General Assumptions in Rock Physics
The field data above can provide some indications of the changes in velocity and density which may then be related back to the elastic moduli K and µ using Eqns. (1). A model of how the elastic moduli will vary with conditions is required. Gassmann's (1951) developed a quasi-static model to describe the deformations of a rock of porosity φ composed of minerals with a bulk modulus K s and density ρ s saturated with a fluid of bulk modulus K f and density ρ f via the effective bulk modulus K eff and shear modulus 
There are two moduli not yet defined in Eqn. (3) and they are the frame bulk and shear moduli K d and µ d , respectively, they are not as easily determined as the direct single phase properties for the mineral solid and the fluid portions themselves. The frame moduli are essentially those of the skeletal framework; and these will depend on a variety of geometrical factors such as the mineralogical composition, the structure of the porosity, and the nature of the grain contacts and cementation. In principal, such properties can be measured on a saturated rock under quasi-static 'drained' conditions where the pore fluid is allowed to move in order that the pore fluid pressure remains constant. In practice, this is often obtained by measurements at ultrasonic frequencies on unsaturated samples. Further, under many conditions the bulk modulus of gases (e.g. CH 4 ) will be small relative to that for condensed liquids and the gas saturated moduli will be close to the frame moduli. One important assumption of the Gassmann relations in Eqn. (3) is that the effective shear modulus is identical to the frame shear modulus. This is predicated on ignoring the effects of viscosity with the result that the existence of the fluid is assumed to have no effect on the effective shear modulus.
An added complication here is that the frame moduli will depend inversely on porosity. This relationship will rely on many factors including the shape of the pores and the distributions of their sizes. However, given access to the appropriate moduli and densities one can predict the seismic velocities under both saturated and dry (or more realistically gas saturated) conditions. This behaviour (Fig. 3) in light of Eqns. (1) and (3) shows some interesting characteristics. Upon saturation of the rock with a condensed liquid (i.e. water or oil) the compressional wave velocity V P increases considerably while the shear wave velocity V S actually decreases. The increased V P is a consequence of the higher bulk modulus of the liquid saturated material while the more minor lowering of V S is due to the increased density upon saturation (see Eqns (1)).
Factors Influencing Rock Properties
There are numerous factors influencing the seismic properties of rocks, and it is variations in these factors that result from the production of fluids that causes detectable seismic variations. The discussion below assumes Gassmann's relation holds, or at least assists in predicting the trends that may be expected. 
Fluid Saturation
The state of fluid saturation within the rock often has the largest influence on the overall seismic properties. Most, if not all, reservoirs have multiple fluid phases present of oil, water, and gas. Oil is a highly complex substance and while there has been some semi-empirical descriptions of oil properties (e.g. Batzle and Wang, 1992) that is influenced by composition, gas in solution, temperature and pressure; as is the case in PVT studies of reservoir fluids carried out to assist in production there still remains much to be learned. Some recent representative ultrasonic measurements show both the direct effect of pressure (Fig. 4) and, more importantly, temperature (Fig. 5 ) on viscous fluids in general. The fluid in a reservoir situation, however, is more often a mixed phase (water, oil, and gas) which can futher be complicated by how the fluids are distributed within the pore space due to wetting effects. Ignoring this complication for the present, however, the overall fluid modulus can be calculated using:
where K i represent the bulk modui of the separate phases of oil (o), gas (G), and water (W) each with saturations S i . Bulk moduli for many liquid oils and water are close to 2 GPa with densities on the order of 1000 kg/m 3 . This contrasts greatly with that of gases that are 3 to 4 orders of magnitude smaller with typical moduli on the order of 200 kPa and densities of order 1 kg/m 3 . One unexpected result of this large variation in the physical properties between the gas and liquid phases is that the introduction of even a small percentage of gas bubbles to the fluid will have a large effect mixture's bulk modulus but very little on its density. As a result, the compressional wave velocity of the mixture will drop drastically (see Eqn (1)) and even be less than that of the pure gas phase. These mixed fluid effects on the rock seismic velocity is also great (see Fig.  6 ) with a dramatic drop in V P of the rock once gas is present. The appearance of gas has little effect on V s with the increase with gas saturation being mostly due to decreasing density (again see Eqns (1)). The sudden appearance or disappearance of gas, which can occur as a result of the reservoir fluid pressure intersecting the bubble point or from injection of steam, is probably the largest factor in changing the velocities and hence the seismic reflectivity. Theune (2004) has carried out some illustrative examples of what kinds of changes might bexpected n heavy oil type reservoirs on the basis of fluid substitution with mixed phase oil-water-steam in connection with enhanced oil recovery and shows that the effects are large in shallow heavy oil sand reservoirs characterized by a low K d . These large variations are apparent in the high resolution seismic images over a near surface Athabasca bituminous reservoir in Northern Alberta (Fig. 7) . The zones of injected steam near the three horizontal wells (that point perpendicularly out of the 2D seismic profile) show large amplitude anomalies relative to the colder, not yet disturbed, portions of the reservoir. 
Effective Pressure
The pore fluid pressure P P obviously must change during the production of a reservoir. In cold production, a decline in P P of over 50% is not uncommon over the period of less than one year. Stresses on the rock, too, can vary both due to poroelastic fluid flow and themal conduction effects. The physical properties of rocks, and of weakly consolidated sands in particular, are especially sensitive to such changes. In the absence of fluids, both V P and V S increase in a nonlinear fashion with confining stress (i.e. overburden and tectonic streses) as shown for the case P P = 0 in Fig. 8 . Pore pressure counteracts the confining pressure and may often be considered by defining the 'effective pressure' P eff :
where P C is the referred to as the total or confining pressure and n is usually taken equal to unity for purposes of estimating velocity (He and Schmitt, 2005) . Under constant P eff the velocity remains nearly constant as indicated by the only slightly dipping loci in Fig. 8 . Consequently, some knowledge of both the confining stress and the pore pressure is necessary if one is to predict the velocity of the material. More succinctly, this means that K d (P eff ) and µ d (P eff ). 
Material Damage
One additional factor that is likely important in the context of a producing heavy oil reservoir is the damage to the material that can result from changing stresses and pore pressures. A principle of primary cold production, for example, is to produce sand with the oil. While the processes for production from such reservoirs are still controversial, the fact that considerable amounts of sand result must mean that some localized damage to the rock matrix is occurring.
Stresses between steam zones, too, may be sufficient to result in shear failure. In some heavy oil reservoirs, some of the heavier components appear to be the cementing agent and as they are heated or dissolved by solvents their loss would impact the rock properties directly. There currently has not been any work reported on this possibility, but the environmental scanning electron microscope (ESEM) micrographs (Fig. 9) do suggest that the heavy oil components may be the cementing agent. Note that ESEM images are made under room pressure and mimimize the loss of volatiles from the material.. The grains in the upper panel of Fig. 9 , taken from an oil sand core prior to solvent washing, The heavy oil components appear as an amorphous material that bonds the sand grains together. Menisci at the end of pores can be seen in this material. In contrast, the solvent washed material has lost the glassy covering and is essentially pure quartz sand grains.
Conclusions
This contribution focuses mainly on some of the basic extrinsic conditions that can influence the seismic velocities and densities of rocks leading to changes of the overall seismic reflectivity. The material reviewed has employed the popular Gassmann's relation (Eqns. (3)) which is often used to estimate the properties in sand reservoirs. However, in the context of heavy oils there may be some problems with this assumption. First, it is well known that some heavy oils are able to transmit a shear wave (e.g. Hornby and Murphy, 1987 ) while Gassmann's relations assume a viscous free fluid. Further, the attenuation recently measured in a bituminous oil sand (Solano, 2004 ) is large (Q ~ 15) and there may be some hints that the wave propagation is dispersive (i.e. varies with frequency). Future work will look at these issues in more detail. 
